Objective To describe the prevalence of cerebral microbleeds (CMBs) and determine the association between CMBs and β-amyloid burden on PET.
Cerebral microbleeds (CMBs), detected on hemosiderinsensitive MRI sequences, are a common cerebrovascular pathology in the aging population and a known risk for intracerebral hemorrhage and ischemic stroke.
1,2 CMB location may predict the primary pathology: lobar CMBs correlate with cerebral amyloid angiopathy (CAA) and deep CMBs with hypertensive arteriopathy. 3, 4 Prior studies have used amyloid PET to study CMB pathogenesis in individuals with CAA, Alzheimer disease (AD), and vascular dementia. β-Amyloid burden was associated with lobar CMBs while deep CMBs correlated with MRI findings of hypertensive small vessel disease. 4, 5 Population-and community-based studies have shown an association with the APOE e4 allele or atrophy in AD signature regions suggesting CAA as a possible cause of lobar CMBs. [6] [7] [8] Previous studies of CMBs with amyloid PET have not been populationbased 4, 5, 9, 10 ; therefore, it is unclear whether CMBs in the general population are related to β-amyloid burden. This is important because CMBs may identify asymptomatic individuals at increased risk of intracerebral hemorrhage and cognitive decline. The objectives of this study were (1) to describe the prevalence of CMBs and (2) to investigate the relationship between CMBs and β-amyloid burden on PET in a population-based sample.
Methods

Study participants
Participants were enrolled in the Mayo Clinic Study of Aging (MCSA), a longitudinal, population-based study of cognitive decline. The MCSA study design has been published previously. 11 In the MCSA, Olmsted County residents without dementia were identified and randomly selected using the Rochester Epidemiology Project medical records linkage system and stratified by age and sex for enrollment in the study. 12 Each participant underwent an in-person evaluation including a nurse or study coordinator interview, a neurologic evaluation, and neuropsychological testing. Afterward, a diagnosis of dementia was based on consensus agreement among the examining physician, nurse, and neuropsychologist taking into account education and potential confounders such as hearing loss. 11 Participants without contraindications were invited to undergo brain MRI and PET imaging. In October 2011, T2* gradient recalled echo (GRE) sequences were added to the neuroimaging protocol. Participants imaged with T2* GRE sequences between October 2011 and February 2017 were included in this study. We evaluated 3,077 participants during the study; 1,232 underwent an MRI scan with T2* GRE sequences. To maximize those with concurrent amyloid PET scans, the most recent MRI scan was selected for analysis. We excluded 17 scans that failed quality control. Therefore, 1,215 participants with useable T2* were included in the analysis.
Standard protocol approvals, registrations, and patient consents The MCSA and associated studies were approved by the Mayo Clinic and Olmsted Medical Center institutional review boards. Written informed consent was obtained from all participants before they joined the study.
Clinical data retrieval
Clinical data, including history of diabetes, smoking, hypertension, and dyslipidemia, were abstracted by a nurse from the detailed medical records included in the medical records linkage system. 12 Prevalence estimates An inverse probability weighting approach was used to convert our observed frequencies of CMBs to population prevalence. To account for the time between study entry and scan, the inverse probability was split into a 2-step process accounting for study entry (step 1) adjusting for age, sex, and education and whether imaging was performed and (step 2) additionally adjusting for prevalent cognitive impairment. This accounts for 2 potential types of bias: (1) study nonparticipation and (2) imaging nonparticipation. The details of the approach in the MCSA have been previously published. 13, 14 MRI examination and identification of CMBs All images were obtained using 3-tesla MRI scanners. The complete details of the acquisitions were previously published. 15 A T2* GRE was performed with the following parameters: repetition time/echo time = 200/20 milliseconds; flip angle = 12°; in-plane matrix = 256 × 224; phase field of view = 1.00; and slice thickness = 3.3 mm. Acquisition time (5 minutes) was used to grade CMBs. On the MRI, CMBs are defined according to consensus criteria 3 as homogeneous hypointense lesions in the gray or white matter, which are distinct from iron or calcium deposits and vessel flow voids on T2* GRE images. 16 All CMBs were identified by trained image analysts and secondarily confirmed by a vascular neurologist experienced in interpreting the T2* GRE images. When it was not possible to distinguish a CMB definitively from a flow void, the CMB was recorded as a "possible CMB." Possible CMBs Glossary AD = Alzheimer disease; ANTs = Advanced Normalization Tools; ARIA-H = amyloid-related imaging abnormalities-hemosiderin; CAA = cerebral amyloid angiopathy; CMB = cerebral microbleed; GRE = gradient recalled echo; MCALT = Mayo Clinic Adult Lifespan Template; MCSA = Mayo Clinic Study of Aging; PiB = Pittsburgh compound B; SUVR = standardized uptake value ratio.
were excluded from analysis because of the nondefinitive nature of the finding. All scans were read by a single investigator (J.G.-R.) blinded to the participants' clinical information. The intrarater reliability based on blinded reading on 2 separate occasions was excellent (κ statistic 0.86). The interrater agreement between a neuroradiologist and neurologist (J.H., J.G.-R.) on definite vs not-definite CMB was 87%, corresponding to good agreement (κ 0.68).
Tracking and registration of CMBs to a common template The location of each CMB was recorded in the coordinate system of the image on which it was made. A structural T1 (MPRAGE [magnetization-prepared rapid-acquisition gradient echo]) image of the participant was registered and resampled into the GRE image. An in-house, modified, automated anatomical-labeling atlas was used to delineate bilateral frontal, parietal, temporal, and occipital lobar regions as well as deep/infratentorial gray and white matter regions. 17 CMBs were classified as lobar with or without cerebellar CMBs, and deep/infratentorial CMBs with or without cerebellar CMBs. Because lobar regions vary in volume, we compared the regional CMB density referenced to regional volume instead of counts per region. 16 Composite maps of CMB locations across participants were built by transforming T2* GRE image locations into the space of the Mayo Clinic Adult Lifespan Template (MCALT). 18 Using image registration, we determined the affine transformation from coordinates in the T2* GRE space to T1-weighted image space. For each CMB, a distance map in T1-weighted image space was constructed. We used the Advanced Normalization Tools (ANTs) suite to perform high-dimensional warping. The ANTs methods ensure that the deformations are diffeomorphic. Using ANTs, 19 the T1-weighted image was warped to the MCALT template. The resulting transformation was applied to each distance map. The position of each CMB in MCALT space was taken from the minimum of the deformed distance map. A small sphere placed around each CMB in MCALT made it viewable on 3-dimensional rendering; overlapping spheres merged forming clusters.
11
C-Pittsburgh compound B-PET acquisition Amyloid PET imaging was completed with 11 C-Pittsburgh compound B (PiB). PET images were acquired with a PET/ CT operating in 3-dimensional mode (DRX; GE Healthcare, Waukesha, WI). The details of PET acquisition were previously published. 20, 21 Attenuation-corrected PiB-PET images were processed using our in-house, fully automated pipeline. 22 This includes coregistration of each participant's structural MRI to their PiB-PET image, spatial normalization to template space, and smoothing. Regions of interest are propagated from an MRI template to be used in PiB-PET analyses. Gray and white matter sharpening was applied, during which voxels with a higher likelihood of being CSF than either gray or white matter are excluded from the regionof-interest statistics.
A global cortical PiB-PET standardized uptake value ratio (SUVR) was calculated as the voxel size-weighted median uptake in the precuneus, anterior and posterior cingulate, prefrontal, orbitofrontal, parietal, and temporal regions of interest after normalization to the uptake in the cerebellar gray matter. 23 Voxel-wise analyses were performed in SPM 12 comparing amyloid PET uptake in those with no CMB vs those with ≥2, with age included as a covariate (fil.ion.ucl.ac.uk/spm/software/spm12). Results were viewed and corrected for multiple comparisons using correction at the cluster level. A cluster size of 192 was determined by running 5,000 Monte Carlo simulations with REST AlphaSim using an individual voxel threshold probability of 0.001. 24 
Statistical analysis
Demographic and clinical characteristics of the participants were summarized using means and SDs for continuous variables and counts and percentages for categorical variables. The distributions of the continuous variables were examined for approximate symmetry and normality using plots; PiB SUVR was subsequently log-transformed for statistical tests to reduce a positive skew. The results in the characteristics (tables 1 and 2) were compared using t tests for continuous variables and χ 2 tests for categorical variables. The participants were first classified in a binary fashion (CMB present/ absent) by location (any CMB, lobar only, deep only) and then into 4 categorical CMB groups (0, 1, 2-4, 5+) to determine an association between increasing frequency of CMBs and β-amyloid burden. Logistic models were used to test the relationship between CMBs and β-amyloid burden by location (table 3) . Table 3 includes only participants who had both a GRE scan and an amyloid PET scan. Ordinal logistic models were used to test the relationship between increasing CMBs and β-amyloid burden (table 4). Because of the low frequency of individuals with multiple deep CMBs, the ordinal regression model was not stratified by location. These models also tested for associations of CMBs with age, sex, hypertension, APOE e4 carrier status, diabetes, dyslipidemia, and smoking (ever/never). Backward-elimination and forwardselection procedures were used to select terms for the final parsimonious models (the 2 approaches produced the same models using α = 0.05). All 2-way interactions were considered among the significant univariate results with only the significant results being reported. Lastly, Spearman rank correlations were calculated to investigate the strength of the association of regional CMB density and regional β-amyloid load.
Data availability
Data from the MCSA including data from this study are available on request.
Results
The demographics of the study cohort by CMB status are reported in Univariate logistic regressions with at least one CMB (any, lobar-only, deep or infratentorial-only) as the response variable showed associations between age, male sex, PiB SUVR, and hypertension with the presence of a CMB, but there was no association with APOE e4 carrier status, diabetes, dyslipidemia, and smoking history (table 3). In the final model, which included significant covariates, PiB SUVR was associated with the presence of a CMB (table 3) . When divided by location, there was only a significant relationship between PiB SUVR and presence of lobar-only CMBs but not deep/infratentorial CMBs. Among those with a lobar location, there was a significant interaction between PiB SUVR and hypertension such that at lower PiB SUVR having hypertension tends to increase risk of having a lobar CMB. At the higher end of PIB SUVR, hypertension is unassociated with the development of a lobar CMB. Univariate ordinal logistic regressions with increasing CMB frequency (0, 1, 2-4, 5+ CMBs) as the response variable showed associations between age, male sex, PiB SUVR, and hypertension with a higher number of CMBs, but there was no association with APOE e4 carrier status, diabetes, dyslipidemia, and smoking history (table 4). In the final model, which included significant covariates, PiB SUVR was associated with increasing CMB burden, with odds ratio (95% confidence 4) . At younger ages, being amyloid-positive increased the probability risk of a CMB, and as a participant aged (80+), the risk of CMBs tended to be more closely associated with age such that the effect of amyloid positivity was mitigated with increasing age. Table 5 displays the regional lobar CMB densities and their correlations with regional β-amyloid burden. Higher concentrations of CMBs were present in the parietal and occipital lobes followed by the temporal and frontal lobes (number/L). Regional PiB SUVR correlated with CMB density in all lobar regions, though significant, the strength of each correlation was not large. 
Discussion
In this population-based study of individuals aged 60 years and older, CMBs were common, and their prevalence increased steeply with age. CMBs had a greater density in posterior brain regions. This study expands on findings of prior populationbased studies by demonstrating (1) a relationship between global amyloid burden and location of CMBs, suggesting a different underlying pathophysiology for CMBs depending on location, (2) an association between regional lobar amyloid burden and regional CMB density, and (3) an association between amyloid burden in temporal, occipital, and parietal regions with the presence of 2 or more CMBs.
The PiB-hypertension and age-PiB interactions observed in our study have important implications. Hypertension is e258 Neurology | Volume 92, Number 3 | January 15, 2019 Neurology.org/N associated with lobar CMBs among amyloid-negative individuals, likely reflecting the subset of lobar CMBs due to hypertension rather than amyloid angiopathy. The stronger association between amyloid burden and CMBs at younger age reflects the fact that being amyloid-positive at younger ages increases the risk of a CMB, but this risk decreased with age possibly as multiple risk factors for CMBs, including hypertension, accumulate.
The frequency of CMBs in the MCSA was similar to the population-based Rotterdam study, but the Rotterdam study did not acquire information on amyloid deposition. 1, 6 Prior population-based studies have demonstrated a similar increase in CMBs with age, 1,7 approaching 40% in those 80 years and older. The increased burden of CMBs with age and the association with amyloid load is clinically important. Approximately 37% of patients with atrial fibrillation are also 80 years and older. 26 Therefore, as the population ages, an increasing number of older patients will have greater risk of ischemic stroke from atrial fibrillation-thus having an indication for anticoagulation-while also having CMBs with a possible high amyloid burden. CMBs are a strong risk factor for hemorrhagic stroke, 2 which leads to clinical management dilemmas: is it safe to perform anticoagulation in older patients with multiple lobar CMBs? If anticoagulation might not be safe in these increasingly common patients, is MRI necessary for risk stratification? 27 This study improves our knowledge regarding the pathogenesis of CMBs by demonstrating their relationship with amyloid burden in a population-based sample. Whether additional knowledge of amyloid burden can improve intracerebral hemorrhage risk prediction in the general population will be an important area of future research.
The relationship between CMBs and APOE e4 carrier status is complex. In the Rotterdam and Framingham studies, APOE e4 carriers were more likely to have lobar-only CMBs. 6, 7 In the Atherosclerosis Risk in Communities study, only APOE e4 homozygotes had an increased probability of lobar CMBs. 28 None of these previous studies investigated the influence of β-amyloid load on the relationship between APOE e4 and CMBs. In the present study, APOE e4 was not associated with CMBs, but amyloid burden correlated with lobar CMBs. Whether including amyloid burden in the model mitigates APOE e4 in the other studies is unknown. The relationship between APOE e4 and CMBs might be stronger among participants with Alzheimer dementia when CMBs are more common. 16 Amyloid burden correlated with the presence of CMBs. When categorized by location, amyloid load correlated with lobar CMBs but not deep/infratentorial CMBs. This parallels findings in patients with Alzheimer dementia or vascular cognitive impairment, in whom amyloid burden has also been associated with lobar-only CMBs. 4 Thus, our observations support the concept that lobar CMBs are often caused by CAA, even in the general population, but hypertension remains a cause in the absence of amyloid. This finding has relevance for patients with AD and AD clinical trials. Patients with AD who have CMBs have increased risk of stroke and cardiovascular mortality. 29 Meanwhile, CMBs are a recently recognized adverse event in AD clinical trials. A subset of research participants receiving antiamyloid therapies for AD develop new CMBs as a complication of treatment, termed amyloid-related imaging abnormalities-hemosiderin (ARIA-H). 30 ARIA-H correlates with the presence of the APOE e4 allele (particularly in e4 homozygotes) and amyloid deposition. 31 Understanding relationships of CMBs, APOE status, and amyloid load in persons without dementia may better inform predictions of who might develop ARIA-H in a clinical trial setting as trials now expand to treat cognitively normal individuals with elevated amyloid burden. 32 Deep CMBs are thought to be related to hypertensive damage of deep penetrating arteries. 3 Supporting this relationship, in the Rotterdam study, 6 hypertension, increased white matter hyperintensity burden, and lacunar infarcts were associated with deep CMBs. In the current study, lobar CMBs were more common than deep CMBs. Longitudinal studies will provide additional information on the specific risk factors that increase the risk of deep CMBs.
Studying the pathology of CMBs in the community setting is difficult because the number of participants with multiple CMBs undergoing autopsy is limited. Furthermore, since CAA is a patchy disease, sampled regions may be remote from the CMBs. Among a small group of autopsied Framingham participants with ≥2 lobar CMBs, only one had moderate to severe CAA at autopsy. 33 Our finding that hypertension was associated with lobar CMBs among those who were amyloid negative supports the findings that CMBs in the general population come from multiple underlying causes including hypertension. Amyloid PET may help distinguish underlying mechanisms. Similar to CMB distribution in patients with AD, 16 CMB concentrations were greater in parietal, occipital, and temporal lobes than in frontal lobes. A topographic relationship existed between regional PiB SUVR and regional CMB density in all lobar regions consistent with CAA underlying a subset of lobar CMBs. Amyloid burden in the temporal, parietal, and occipital regions was associated with 2 or more CMBs. These regions have a high rate of CAA at autopsy. 34 Intracerebral hemorrhage due to CAA preferentially occurs in the temporal and occipital lobes. 35 Prior studies have shown a relationship between regional amyloid load and future CMB location. 10 Longitudinal population-based studies will also be able to address the risk of future intracerebral hemorrhage in the presence of CMBs and whether CMB burden or amyloid load can identify those at highest risk.
Strengths of this study include the large population-based sample size and our ability to convert our observed frequencies of CMBs to population prevalence. The weighted prevalence of CMBs by age group was similar to the observed frequencies but slightly lower except between ages 60 and 69 years. We used 3-tesla MRI to detect CMBs, and many patients underwent amyloid PET imaging. Limitations include the cross-sectional nature of the data and that susceptibility weighted imaging may be more sensitive to CMBs than the GRE. While we attempted to adjust for potential sources of bias through inverse probability weighting, using the most recent scan available may have introduced the potential bias of including older and healthier participants. Given the cross-sectional and exploratory nature of this study, we did not adjust for multiple comparisons, which could introduce the possibility of false-positive findings.
In a population-based study, the frequency of CMBs increased substantially with age. Amyloid burden correlates with increasing CMB frequency, which supports CAA as the pathologic substrate for multiple lobar CMBs even in asymptomatic persons. Identifying individuals at higher risk of intracerebral hemorrhage or complications from antiamyloid therapy will be important future directions.
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